1. Introduction {#Section1}
===============

Metabolic changes in cancer tissues were first observed by Warburg Otto almost a century ago [@B1]. Although the genetic underpinnings of cancer have dominated cancer research for a long time, altered metabolism has recently returned to the spotlight [@B2]. Beyond what was firstly observed, as cancer cells primarily use anaerobic glycolysis to produce energy rather than oxidative phosphorylation even in the presence of oxygen, now metabolomics research on tumors covers a relatively broader range of processes involving not only the production of energy but also the generation of cellular building materials from nutrients [@B2], [@B3]. It is no doubt that oncogenic transformation reprograms cellular metabolism to sustain elevated rates of growth and division.

5\'-Methylthioadenosine (MTA) is a naturally occurring sulfur-containing nucleoside found in numerous species, including prokaryotes, yeast, plants and higher eukaryotes [@B4]. It was first isolated from yeast in 1912 before Warburg\'s theory was first proposed [@B5], with its correct molecular structure was confirmed in 1924 [@B6]. Over the following 30 years, several studies on the nutritional and pharmacologic effects of MTA have illustrated its physiological significance [@B7]. With a stronger emphasis placed on tumor metabolism, numerous investigations appear to show that MTA and its associated materials have striking regulatory effects on tumorigenesis. It is the purpose of this article to assess the effects of these metabolites on the growth and functions of normal and malignant cells. We performed a literature search through the PubMed, EMBASE and CNKI (Chinese National Knowledge Infrastructure) databases using the following keywords: MTA, S-adenosylmethionine (AdoMet), methionine (MET), MTA phosphorylase (MTAP), or polyamine. The most recent article found was published on Jan, 2018. Reference lists of the relevant publications were also carefully reviewed to obtain additional information.

2. Biosynthesis and metabolism of MTA {#Section2}
=====================================

MTA is a hydrophobic sulfur-containing adenine nucleoside in which the hydroxyl group at the 5\' position of the ribose is substituted with a methylthio moiety (Figure [1](#F1){ref-type="fig"}) [@B4]. Its molecular weight is 297.33. At least five independent pathways of MTA generation have been discovered in mammals, invertebrate animals, bacteria and plants [@B8]. In many mammalian tissues, MTA is mainly defined as the intermediate metabolite or byproduct of MET cycle and polyamine synthases (Figure [2](#F2){ref-type="fig"}) [@B7]. As the provider of the sulfur atom in MTA, MET was first isolated in 1923 [@B9], and the methyl-group of MTA derives from AdoMet (also abbreviated as SAMe and SAM), which is synthesized from MET and ATP through the catalysis of MET Adenosyltransferases (MAT, EC 2.5.1.6). During the synthesis of polyamines, the aminopropyl group of decarboxylated AdoMet is transferred to putrescine to form spermidine and then to spermidine to form spermine as MTA is generated. Although inverse reactions are not insignificant, MTA has a powerful inhibitory effect on several phases involved in its generation [@B10].

According to in *vitro* and in *vivo* reports, the concentration of cellular MTA only falls within the nM range or lower. As in human hepatic adenocarcinoma cell line Sk-Hep1, there are nearly 0.3 nM MTA in every one million cells [@B11] while in both human hepatocytes and several HCC cell lines, concentrations of MTA range from 2 to 10 pmol/mg protein [@B12]. Similar levels of MTA have also been found in rat tissue (liver 0.8-3.4; lung 1.1-1.7; kidney 1.0-2.3; testis 0.9-1.7 and heart 1.1-2.5 nmol per gram) [@B13]. In many mammalian tissues, MTAP (EC 2.4.2.28) is the main enzyme that divides MTA into 5-methylthioribose-1-phosphate (MTR-1P) and adenine (Figure [2](#F2){ref-type="fig"}), maintaining relatively low levels of cellular MTA [@B14]. It is well known that tumor cells present lower levels of MTAP or losses of MTAP activity. This phenomenon may explain why tumor tissues often accumulate more MTA than normal tissue. In health people, MTA levels are only valued at 10 to 20 nM in the skin, but in melanoma patients, levels are measured approximately 140 nM [@B15]. In another two studies comparing normal and HCC liver tissue, MTA was found to increase from roughly 1 pmol/ mg of tissue to 3 or 4 pmol/mg [@B12], [@B16].

After MTR-1P is generated, a series of reactions sequentially salvages its meythl-thio group to form MET and to finally complete the MET cycle, which is also called the MET salvage pathway [@B17]. As the other cleavage product of MTA, adenosine is then converted into AMP. This of course creates a pathway for the metabolic salvaging of the purine portion of ATP used for the synthesis of AdoMet, which is cyclically utilized in MTA synthesis. Other pathways of MTA catabolism are found in bacteria, including the degradation to adenine and 5-mythylthio-α-D-ribose and deamination to methylthioinosine [@B18]**.** These metabolic pathways apparently contribute to further DNA and protein synthesis and to cell energy generation.

It remains unclear that how MTA can be excreted into the extracellular fluid, however, the *in vitro* evidence shows that some tumor cells can secrete large levels of MTA and particularly the cells devoid of MTAP. In the culture medium of leukemic cells, MTA can be detected after 1h of culturing and it presents a time-dependent pattern of elevation after 1 to 6 hours [@B19]. In melanoma cell lines, levels range from 15 to 30 nM [@B15], and in HCC cell lines, levels range from 10 to 42 pM [@B12]. More interestingly, cells treated with conditioned media collected from MTAP-siRNA transiently transfected HCC cells presented similar changes with cells treated with MTA [@B12]. At the same time, the detection of MTA in the urine from both health people and cancer patients provided *in vivo* and clinical evidence to its cellular excretion [@B20]. This phenomenon may be viewed as a compensatory response to decreased levels of MTAP activity for the prevention of cell MTA accumulation.

3. Measurement of MTA {#Section3}
=====================

Since the identification of MTA, a lack of sensitive and specific analytical methodologies for its direct quantification has hampered the study of its physiological and pathophysiological features. In 1953, Smith et al. measured concentrations of MTA via nitroprusside testing and ultraviolet spectrophotometry [@B21]. The authors show that concentrations less than 0.2 umol per gram of tissue cannot be measured accurately. In 1980, Seidenfeld et al. successfully elevated measurement sensitivity levels to nmol per gram via reversed-phase high-performance liquid chromatography (HPLC)-UV detection at 254 nm after sample concentration. Their study shows that MTA is ubiquitously distributed in rat tissues at concentrations of 0.8 to 7 nmol per gram of tissue [@B13]. Several other reports have been conducted on the HPLC separation of MTA and on its detection by means of UV absorbance [@B22], [@B23]. It is well accepted that LC/UV is not sensitive or selective enough for the direct analysis of MTA. However, according to Kiyoko and his colleagues, with acetylated samples obtained from the sequential passage through a boronate column and reversed-phase HPLC, the UV absorbance peak can accurately reflect the elutin of MTA [@B20]. From this method, both normal subjects and patients with different tumors presented an average of total urinary MTA level of approximately 175 ug per day.

Aside from the above modified HPLC assays, technical developments have made it possible to apply mass spectrometry (MS) for the profiling of metabolites. In 2005, a research group in Germany developed a LC-coupled ion trap MS method that can separate 15 standard nucleosides in urine, including MTA. The assay not only ensures high levels of sensitivity (in the lower of pmol range) and reproducibility but also generates valuable information on the structure of the targeted nucleoside [@B24]. The same group further modified this method by HPLC-separation, matrix-assisted laser desorption/ionization time-of-flight MS and post source decay to successfully yield a detection limit to 100 fmol of MTA for urine [@B25]. Later, the LC electrospray ionization tandem MS method was developed by Bosserhoff\'s group in 2008 [@B15], [@B26]. Using stable isotope MTA as an internal standard, the absolute quantitative determination of MTA in cell culture media and cell extracts was achieved. The authors also successfully quantified more than ten other intermediates of MET and polyamine generation from cultured human HCC cell line and clinical HCC tissue samples [@B16].

4. MTA and tumor {#Section4}
================

As can be inferred from the above, MTA is located at the crossroads of cellular metabolism. It not only serves as an intermediary of MET circling and polyamines synthesis but also acts as a starting point for both MET and the purine salvage pathway. Its physiologic and pathophysiologic functions include the control of gene expression, cell proliferation, lymphocyte activation, apoptosis, even tumor development and invasiveness. As shown in a chemical hepatocarcinogenesis model, endogenous MTA is greatly reduced and that administration of MTA has an inhibitory effect on tumor growth [@B27]. Similar inhibitory effects of MTA have been observed in a xenograft melanoma mouse model [@B28]. By contrast, from benefits of the abovementioned LC electrospray ionization tandem MS detection method, Bosserhoff and his colleagues directly qualified higher levels of MTA in cultured melanoma cells and in clinical malignant melanoma and HCC tissues. Based on these results and the correlation between MTA and tumor metastasis, the authors hypothesized that MTA itself has a tumor-promoting effect [@B15], [@B16].

4.1. MTA and cell proliferation {#Section4.1}
-------------------------------

As a key organ governing the body\'s metabolism, the liver attracted much attention in regard to how it is affected by MTA. In rats with partial hepatectomy, endogenous MTA levels in the remaining liver are reduced coinciding with the replicative responses of hepatocytes [@B29]. At the same time, the exogenous administration of MTA inhibits hepatocyte DNA synthesis [@B27]. Similar effects of MTA have been observed in *in vitro* cultured rat hepatocytes treated with HGF [@B30]. These observations suggest that MTA participates in the reverse regulation of the liver proliferative response.

In addition to impacting on the proliferation of normal liver cells, MTA is also known to interfere with the proliferation of a variety of tumor cells. In a chemically induced hepatocarcinogenesis rat model, both endogenous and exogenous MTA levels were found to be negatively correlated with preneoplastic liver lesions and DNA synthesis [@B27], [@B29]. Similar inhibitory effects of MTA have also been observed in cultured HCT116 human colon cancer cells, colorectal cancer cells, HeLa cervical cancer cells, Daudi and Raji lymphoma cells, erythroleukemia cells, promyelocytic cells and mitogen stimulated human peripheral blood lymphocytes [@B8], [@B31]-[@B35].

For most of the above *in vitro* studies, MTA working conditions range from 10^-4^ to 10^-3^ M. Obviously, this is much higher than the physiologic levels of MTA. In 2011, a research group from Germany found out that, at the concentration of 5 umol/L, a dosage similar to those determined in HCC tissue, MTA induced the HCC cell proliferation [@B12]. In another experiment, SK-Hep1 HCC cells were engineered to express MTAP and reduce MTA level. After that, it was observed that the proliferation rate became lower [@B11]. This experiment provided us with an indirect proof that MTA at nM scale, which mirrored endogenous tumor levels, could promote proliferation.

In most cases, inhibitory effects of MTA are associated with a marked inhibition of the activity of ornithine decarboxylase (ODC, EC 4.1.1.17), a key enzyme of polyamine synthesis. The correlation between MTA and ODC is discussed below. A second mechanism may be related to MAT, the main cellular enzyme catalyzing the formation of MET to AdoMet. This enzyme is also required for survival as AdoMet is the principal biological methyl donor. In mammals, homologous MAT catalytic subunits are encoded by two genes, *MAT1A* and *MAT2A*. The latter is associated with increased growth and malignant degeneration [@B36]. A clear switch from *MAT1A* to *MAT2A* is observed in human liver cancer and colon cancer tissues [@B36]-[@B38]. MTA not only lowers *MAT2A* baseline expression but also prevents a variety mitogens from inducing the up-expression of *MAT2A* in cultured colon cancer cells [@B36]. As a result, it effectively prevents mitogens from stimulating the proliferation of colon [@B36] and liver cancer cells [@B39]. Another study of Hct116 colon cancer cells provides a third interpretation of the inhibitory effects of MTA on tumor cells. The authors found that MTA treatment can downregulate RNA Pol III-dependent transcription [@B40], which is crucial to tumorigenesis. Although DNA methylation modification is increasingly recognized as a crucial factor for carcinogenesis, MTA has not been found to affect DNA methylation.

4.2. MTA and apoptosis {#Section4.2}
----------------------

It is noteworthy that most of these studies indicate that MTA had the opposite effect on the apoptosis of normal versus cancerous cells. *In vitro*, it enhances the apoptosis of human RKO and SW620 colon cancer cells [@B35], [@B41] and of HuH7 liver cancer cells [@B42]. However, it does not have such effects on normal colon epithelial cells or even has anti-apoptotic effects on normal hepatocytes [@B41], [@B42].

Increased ratios of pro-apoptotic to anti-apoptotic genes in tumor cells may explain this effect of MTA. For example, such ratios may affect the cellular phosphorylation states and the alternative splicing of genes, resulting in the selective induction of pro-apoptotic protein Bcl-x~S~ but not anti-apoptotic protein Bcl-x~L~ in HepG2 cells [@B43]. In colon cancer cells, this can selectively decrease the mRNA levels of cFLIPs, an anti-apoptotic gene, by 50-60% [@B41], or downregulate anti-apoptotic regulators (bcl and bax-xl) with an upregulation of pro-apoptotic regulators (bax and bak) [@B31]. At the same time, several other essential steps of apoptosis, including the activation of procaspase-8 and the release of cytochrome c from mitochondria, are also activated by MTA [@B41]. Recently, Maria and his colleagues compared the threshold dosage for MTA\'s pro-apoptotic and anti-proliferative effects for a human CRC cell line. Their results show that it has an anti-proliferative effect at lower dosages (in the uM range) [@B35].

4.3. MTA and tumor invasiveness and metastasis {#Section4.3}
----------------------------------------------

In addition to the above articles on direct effects of MTA on tumor cells, several studies have focused on tumor invasiveness and metastasis. In 2009, Stevens and his colleagues explored how angiogenesis features change in melanoma cells after MTA treatment. Vascular endothelial growth factor (VEGF), basis fibroblast growth factor (bFGF) and two invasion and metastasis related enzymes, matrix metalloproteinase (MMP) 9 and MMP14, were studied. All four target genes were upregulated. The authors found out that the stromal cells exhibited stronger contractile capacities with elevated levels of collagen types I, type III and MMP within cells. More importantly, despite finding no obvious change in apoptosis or proliferation patterns, hyper-invasive potential and vessel-like structures formed around tumor cells [@B15]. Similar results are also found in cultured HCC cells. MTA induced the expression of MMP1 and FGF2 [@B12].

Opposite to above result, in a metastasis liver expansion mice model reported recently, MTA completely abrogated any sign of colorectal cancer in the liver and in other organs [@B35]. As a class of small noncoding RNAs regulating gene expression at the posttranscriptional level and whether and how microRNAs shape regulatory effects of MTA on tumor cells have also attracted much attentions. In this study, the *in vitro* data confirm that MTA increases miR-34a/b levels and then down-regulates the expression of *MAT2A*, as the later contains a binding sequence in its 3\'UTR for miR-34a/b [@B35]. MiR-34a has previously been confirmed as one of the tumor suppressor miRNA that is down-regulated in multiple human cancers, including colorectal cancer. Mice lacking miR-34a developed more obvious EMT-mediated colorectal cancer invasive and metastasis [@B44].

Although these two studies draw opposing conclusions, both present us with a new role of MTA with profound impact on the tumor microenvironment that extends beyond direct effects on tumor cells. The authors consider this difference to be related to different doses of MTA used in these experiments. For our opinion, in most of the *in vitro* experiments mentioned above, final MTA concentrations range from 10^-7^ M to 10^-3^ M. We believe that the various cell types used may have led to most to these differences and that more experiments must be conducted to identify more specific reasons.

4.4. MTA and tumor-related inflammation & oxidation {#Section4.4}
---------------------------------------------------

An increasing number of reports show that MTA is a powerful inhibitor of inflammation both *in vitro* and *in vivo*. In a lipopolysaccharide (LPS) challenged mice model, MTA administration completely lowered animal lethality rates accompanied with the suppression of circulating pro-inflammatory cytokines, including TNF-alpha, inducible NO synthesis, and the stimulation of anti-inflammatory cytokines IL-10. Anti-inflammatory effects of MTA have also been observed in LPS-treated RAW264.7 cells and isolated hepatocytes [@B45]. Similar responses have also seen in *in vitro* cultured human peripheral blood lymphocytes. MTA inhibits both the mitogen-induced blastogenesis and the pokeweed mitogen-driven immunoglobulin synthesis [@B46]. It also inhibits LPS-induced TNF production in macrophages and IL-1 activated ICAM-1 expression in endothelial cells [@B47]. In addition to the above well-known inflammation cytokines, a newly identified inflammatory form of programmed cell death, pyroptosis, is also elevated by MTA. It is very interesting that relative to the exogenous addition of MTA, its depletion has a less powerful influence on pyroptosis [@B48]. These findings established a link between nucleoside metabolism and immunodeficiency. MTA may serve as a signal of the nutritional status of the host of sulfur-containing amino acids. Under infection and other pro-inflammatory states, MET use is enhanced to support inflammation-related cells proliferation and the synthesis of acute phase protein [@B48], [@B49]. This increase heightens levels of MTA and flux through the MET salvage pathway to support a more robust pyroptotic and anti-inflammatory response.

Direct correlations between MTA and tumor-related inflammation have been identified in a mice colon cancer model, in which chronic inflammation is believed as a crucial underlying risk factor. *In vivo*, the treatment of MTA induced apoptosis and inhibited proliferation and the pro-inflammatory signaling pathway involving β-catenin, NK-κB and IL-6. More importantly, tumor loads were also reduced [@B50]. Similar effects of MTA have also been observed for liver cancer [@B51]. Given the well-established hypothesis that smoldering inflammation, the seventh hallmark of cancer, contributes to the proliferation and survival of malignant cells [@B52] and especially to similarities in inflammation and tumor metabolism [@B53], anti-inflammatory effects should help to explain how MTA may exert its anti-tumor functions at least partially. As is well accepted, chronic tissue injury and inflammation are considered to be drivers of liver disease progression from fatty liver disease and fibrosis to HCC. In a CCl4-induced rat liver injury and fibrosis model, MTA exhibits an inhibitory effect on oxidation, a phenomenon that can damage DNA and spur liver cirrhosis or even carcinogenesis [@B54]. This shows that MTA may interfere with the liver\'s inflammation-fibrosis-cancer axis. However, at present, there is no direct proof that these effects of MTA are involved in tumor prevention.

5. Role of MTA related materials in tumor {#Section5}
=========================================

5.1. MTA and AdoMet {#Section5.1}
-------------------

In addition to being the precursor for polyamine and MTA, AdoMet is essential for life as the principal biological methyl donor for biosynthetic methylation reactions. For many years it has received much more attention than its metabolite, MTA. The liver serves as the main source of AdoMet biosynthesis and consumption, turning over nearly 8 g per day in a healthy adult. In mammals, nearly half of the daily intake of MET is converted into AdoMet. For example, cells expressing higher levels of AdoMet grow much slower while exogenous AdoMet treatment inhibits liver cancer cell growth *in vitro*[@B55]. *In vivo* mounting evidences supports the remarkable chemopreventive effects of AdoMet on liver carcinogenesis induced by a variety of hepatocarcinogenesis [@B42], [@B56]-[@B58]. At the same time, chronic AdoMet depletion results in spontaneous mice hepatic cellular carcinoma [@B59]. In addition to cell growth, AdoMet also induces apoptosis in the liver cancer cells and colon cancer cells [@B41], [@B42].

The restoration of depleted GSH in the hepatocytes has been proposed to play an important role in AdoMet\'s hepatoprotective role [@B60]. Interestingly, although MTA is not a GSH precursor nor a methylating agent, some beneficial effects of AdoMet on liver functions like the inhibition of preneoplastic lesions and HCC cell proliferation, inhibition apoptosis in normal hepatocytes and the induction of apoptosis in liver cancer cells, are mimicked by MTA [@B27], [@B42]. Expression pattern changes of the MAT subtype, an essential cellular enzyme catalyzing the formation of MET to AdoMet, may be another mechanism of AdoMet. In case of human liver cancer, a change in MAT subtypes from *MAT1A*-dominated to *MTA2A*-dominated occurs [@B61]. *In vitro* cultured colon cancer cells, a variety of mitogens selectively induced *MAT2A* expression [@B36]. More importantly, clinical data showed that the percentages of *MTA2A* are correlated with the stages of colorectal tumor development [@B36], [@B37]. Both AdoMet and MTA maintain *MAT1A* expression and suppress *MTA2A* expression and thus slow tumor growth [@B62], [@B63]. AdoMet also affects tumor apoptosis by maintaining antiapoptotic gene cFIP expression in colon cells [@B41].

Based on its current use in human for the treatment of liver injuries including those of ethanol and contraceptive toxicity, hepatitis, and liver cirrhosis, it is easy to anticipate its therapeutic application as a chemopreventive agent. Compared with MTA, AdoMet is highly unstable with a short half-time (12 h at 37 in culture medium). At the same time, the rate of its conversion to MTA is 0.013 mM per hour per mM AdoMet under above condition [@B36]. It suggests that the pharmacological actions of AdoMet may actually depend at least in part on its transformation into MTA.

5.2. MTA and MTAP {#Section5.2}
-----------------

Another protein of MTA metabolism that has received more interest as of late is MTAP, the main enzyme that keeps cellular MTA levels consistently low by catalyzing the phosphorylation of MTA to MTR-1P. MTAP was first identified in rat prostate in 1969 and has since been detected and purified from various tissues. In normal human cells and tissues, MTAP is expressed abundantly, but the liver presents the highest expression levels [@B64]. Even in rats it has presented considerable levels of activity in every organ examined thus far, including the prostate, liver, lungs, spleen, kidneys and heart [@B65], [@B66]. In contrast, a loss of MTAP activity is very common in a variety of cancers as shown by two clinical investigations of patients with non-small cell lung cancer [@B67], [@B68]. Similar phenomena have also been observed in case of glioma [@B69], pancreatic cancer [@B70], [@B71], T-cell acute leukemia [@B72], bladder cancer, breast cancer [@B73], osteosarcoma [@B74], endometrial cancer [@B75], biliary tract cancer [@B76], HCC [@B77] and melanoma [@B78].

The frequent loss of MTAP activity observed is easily understood by determining its chromosomal location. From the centromeric end, the gene order of human chromosome 9p21 is mapped as p15---p16---MTAP---INF-α---INF-β [@B79], forming a common region involving the selective deletion of many kinds of tumors. Dr. Zappia and his colleagues screened 35 different human malignant cell lines of several tumor types via direct radiochemical assay and immunochemical techniques. They found a full correlation between a lack of MTAP and a lack of p161NK4 [@B80]. MTAP gene deletion was further found across a wide range of tumor types [@B73]-[@B75], [@B81], [@B82].

Gene silencing by DNA methylation also contributes to a loss of MTAP activity. DNA CpG methylation has been extensively investigated for over 50 years. It is implicated in the expression controlling of a series genes involved in cell development and homeostasis and in cancer-driving activities [@B83]. A clinical investigation shows that MTAP promoter hyper-methylation is observed in nearly 23.1% of gastric adenocarcinoma patients [@B84]. Several experimental studies of human melanoma and the HCC cell line provide *in vitro* evidence of a significant correlation between the down-regulation of MTAP mRNA expression and the hyper-methylation of its promoter [@B78], [@B85].

A clinical screening of tissue microarray samples drawn from 99 non-small cell lung cancer patients showed that patients with lower MTAP levels had poorer survival rates. This was even confirmed to constitute an independent prognostic factor of lung cancer [@B64]. However, what interests us more is the clinical significance of the strong inverse correlation between MTAP protein levels and clinical progression from benign melanocytic nevi to melanomas formation and to the further development of metastatic melanomas. This phenomenon directly shows that a loss of MTAP expression in malignant melanoma results in a higher levels of invasive potential [@B78]. At the same time, stable *in vitro* transfection for re-inducing MTAP expression in breast cancer cell and HCC has no effect on cell proliferation while reducing cell invasiveness [@B73], [@B85]. These results show that MTAP is a tumor suppressor gene and especially in terms of metastasis.

In contrast to the results of most related studies, one clinical study of 50 patients with colorectal cancer found that MTAP protein levels are higher in tumor tissues than in adjacent normal tissues and that this is associated with higher hepatic metastasis susceptibility [@B86]. In reference to mouse xenografts of lung cancer, the authors found a robust suppression of lung cancer growth and of metastases via the systemic inhibition of MTAP, leading to increased MTA levels in blood, tumors and urine [@B87].

In consideration of the phenomena that tumor cells with lower level of MTAP activity can excrete out more MTA, it is not clear whether MTA is one factors involved in the carcinogenesis appeared in MTAP deficiency. We must also note that its functions are also linked to polyamine synthesis, AdoMet recycling from MTA, methionine re-synthesis and adenine salvaging. It may be speculated that different MTAP levels and thus different capacities to metabolize normal and tumor cell MTA may help explain the opposite effect of MTA on these cells.

5.3. Polyamines and tumors {#Section5.3}
--------------------------

The generation of MTA is accompanied by the synthesis of polyamines, which, including putrescine, spermidine, and spermine, are small and aliphatic amines. Naturally occurring polyamines derive from the amino acid ornithine, which is decarboxylated in the initial rate-limiting reaction by ODC to yield putrescine (Figure [2](#F2){ref-type="fig"}) [@B16].

In as early as 1988 researchers found that polyamines are essential for cell growth and that the enhanced capabilities of polyamine synthesis may reflect enhanced levels of cell proliferation. Increases in polyamine biosynthesis and intracellular polyamine content levels are of the most consistent biochemical alterations observed in cancer cells of all types, denoting their importance for tumorigenesis. A recent study highlights the dependence of melanoma cells not only on higher levels of polyamine biosynthesis but also on upregulated polyamine transport systems [@B88]. They are also involved in carcinogenesis and tumor biology properties such as those of breast cancer [@B89] and lung adenocarcinoma invasiveness and metastasis [@B90]. It is evident that the polyamine-biosynthetic pathway serve as an inviting target for the development of agents that inhibit carcinogenesis and tumor growth [@B91]. Inhibitory effects of MTA on polyamine generation contribute to its anti-tumor effects as observed for colon cells subjected to MTA treatment [@B36].

Levels of ODC, the first rate-limiting enzyme involved in polyamine biosynthesis, have also been examined in tumor research. Its expression and activity are regulated normally but are *remarkably enhanced after stimulation by growth factors, carcinogens, viruses or oncogenes. Moreover, it is closely correlated with carcinogenesis both experimentally and clinically. For example, the overexpression of ODC in NIH/3T3 cells can spur transformation in vitro [@B92], as is the case for lymphomas* [@B93] and skin tumors [@B94]. More strong correlations have been found from two clinical investigations of breast cancer, in which ODC activity levels were found to be significantly higher than those of normal tissues and to be correlated with higher levels of polyamine content and with histological grade, peritumoral lymphatic or blood vessel invasion [@B95]. ODC activity levels have also been found to be closely negatively correlated with both disease-free and overall survival, showing that ODC serves as a poor prognostic factor [@B96]. Data for HCC patients also reveal similar effects of ODC [@B97], [@B98]. More importantly, ODC expression was found to be associated with worsened survival outcomes and with increased recurrence in patients with endometrial cancer [@B99].

The above studies suggest that ODC may play both a prognostic role and acts as a chemoprevention target. In fact, the capacity for an agent to inhibit ODC activity is commonly considered to be a predictor of chemopreventive activity. Some endometrial cancers appear to be particularly sensitive to a specific inhibitor of ODC, resulting in reduced cell proliferation, cell viability and colony formation in cell line models [@B99].

Curcumin, which is traditionally known for its antioxidant, anti-inflammatory, and anti-carcinogenic properties, presents potential uses for both chemoprevention and chemotherapy since being confirmed to decrease ODC activity. The effects of curcumin on polyamine metabolism were first investigated from the CD-1 skin carcinogenesis mouse model [@B100]. Several studies also show that pretreatment with curcumin can abrogate carcinogen-induced ODC activity and tumor development in rodent tumorigenesis models targeting various organs. Similar effects have been observed from the xenograft model for esophageal squamous cell carcinoma [@B101] and for human lung cancer A549 cells [@B102]. Alpha-difluoromethylornithine (DFMO), an inhibitor of ODC, not only markedly reduces *in vitro* invasiveness of the human breast cancer cell line, but also inhibits the pulmonary metastasis of orthotopically implanted breast cancer xenografts in nude mice [@B103].

6. Conclusion {#Section6}
=============

In addition to the fields of transcriptomic, genomics and proteomics, studied have shown that the discipline of metabolomics is becoming an important field of cancer research. Early perturbations of cellular metabolism are a hallmark of cancer. The field of metabolomics has provided us with new insights into the pathology of cancer and has revealed new biomarkers that may prove useful for diagnosis and prognosis. Cancer metabolomics research has not only focused on gleaning fundamental mechanistic insight into carcinogenesis but has also focused on obtaining more diagnostic biomarkers of patients with cancer. As indicated by most of such studies (Figure [3](#F3){ref-type="fig"}), at therapeutic concentrations, MTA suppresses tumors through the inhibition of tumor cell proliferation and invasion, through the induction of apoptosis, and by controlling the inflammatory micro-environment of tumor tissue. AdoMet, as the precursor of MTA, has the most anti-tumor effects which could be mimicked by MTA. Polyamines, which act as the essential nutrients of tumorigenesis, together with ODC, are targets of several chemoprevention medicines. MTA can also perform its role as a tumor-suppressor partially through inhibiting the activity of ODC and preventing the synthesis of polyamines. We believe that the MTA has potential therapeutic application for tumor treatment, especially for the tumors promoted by chronic inflammation.

This study was supported by the National Natural Science Foundation of China (No. 81272313).

**Dr. Ping Wu** is an Associated Professor of Pathophysiology at Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China. She obtained her Ph.D. degree in 2008 and has trained as a Postdoctoral Fellow in the School of Medicine, Utah University, USA. Her current research focuses on the role of uncontrolled inflammation in tumor development.

![Structure of 5\'-Methylthioadenosine (MTA)](jcav10p0927g001){#F1}

![**Biosynthesis and metabolism of 5\'-Methylthioadenosine (MTA).** The left circle shows the MET cycle. The right circle illustrates polyamine synthesis. Green lines denote the MET salvage pathway from MTA to MET. Enzymes are shown in italics.](jcav10p0927g002){#F2}
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